in all (l/]/Z) 6 and summations and integrations over three independent momenta contributing j3 |/dA0~(J/Z) 3 . Raman spectra of NaCl crystals doped with Ag + ions up to 3.5 mol^ have been measured in 4 scattering geometries. In the impurity induced part of the Eg-and F2g-spectra the strongest peaks are located at 85 and 171 cm -1 . Their intensities increase proportional to the silver concentration. The second order Raman spectrum on the other hand appears to be independent of the Ag + content. The spectra are fully explained by theory and by the assumption of Ag + pairs.
Introduction
Besides well known methods like optical absorption and thermal conductivity spontaneous Raman scattering recently has proven as a useful tool for investigating the influence of point imperfections on the vibrations of the host lattice. If such imperfections are introduced into a cubic alkali halide crystal the translational symmetry of the lattice is disturbed. Then not only the two-phonon Raman spectrum which is alone allowed in the pure crystal but also one phonon scattering may be expected. This scattering is in general characteristic of both the host lattice and the particular imperfections.
In recent years the influence of various kinds of lattice imperfections such as atomic impurities [1] [2] [3] [4] , diatomic and molecular impurities 5-9 as well as F-centers 10 ' 11 has been investigated in alkali halide crystals. First order Raman effect could be clearly established in KBr crystals, doped with Cl~ ions in NaCl doped with Ag + 3 and in three potassium halides doped with Tl + 4 .
Raman experiments with doped alkali halides supply information which cannot be obtained from the IR absorption or the thermal conductivity 12 . While for the point group Oh of the alkali halides only the odd vibration of Tlu is IR active, the even vibrations of Alg , Eg and F2g type are Raman active. The Raman active vibrations can be investigated separately by measuring the crystal in the appropriate scattering geometry. Thus, in alkali halides IR and Raman experiments complement each other. Finally the thermal conductivity as an integral effect is sensitive to odd and even vibrations. Here the individual vibrations cannot be observed. It is extremely difficult, if possible at all, to analyse the temperature dependent thermal conductivity in terms of special odd or even phonon vibrations.
In the system NaCl -AgCl a strong resonant absorption of type Tiu caused by the Ag + impurity has been found in the IR at 50.5 cm" 1 (290 °K) 13 . On the other hand, the Raman spectra of these crystals contain the Eg, F2g modes and vibrations by impurity pairs as already reported by us previously in a short note 14 .
It is the aim of this work to investigate the influence of the Ag + concentration on these Eg and F2g modes and on the two-phonon processes.
Experimental
A Coherent Radiation Argon-ion laser operating with 0.9 W in the 4880 Ä line, a grating double monochromator and a phase sensitive detection system were used. The laser beam was focussed into the entrance slit of the spectrometer. The spectral resolution is about 3 cm -1 .
The Ag + concentration of the samples was determined by neutron activation analysis. This method gives the Ag + concentration in the system NaCl -AgCl in good agreement with colorimetric 15 and chemical 15a analyses.
The crystals of rectangular shape are 30 -50 mm long and 10 x 10 mm wide.
Scattering Geometry
The laser beam was incident parallel to the longest axis (Z) of the crystal, the X-and Y-axis coincide with the two shorter axes of the crystal. The four terms containing the X, Y, Z-axes used in the following text and the figures indicate, according to common praxis 1 the direction and the polarization of the incident and scattered light as follows: first term: direction of the incident light; second term (first term in paranthesis) : polarization of the incident light; third term (second term in paranthesis) : polarization of the scattered light; fourth term: direction of the scattered light.
The point group for an atomic impurity in the NaCl crystal is Oh . In this case only even vibrations of the types Aig, Eg and F2g are Raman active 16 . The crystals are measured in three geometries denoted by a, ß, y. Though the three arrangements (a, ß, y) are sufficient for the complete determination of the three vibrations Alg, Eg and F2g a fourth geometry d was also measured in order to check the other three geometries.
The tensor 
Results

Types of Vibrations
The Raman spectra of the NaCl crystal with the highest Ag + concentration (3.5 mol-%) in the four geometries a, ß, y, ö are presented in Fig. 1 The measured intensities in the four geometries according to Fig. 1 are found to be consistent with each other within a few percent. In Fig. 2 the scattering spectra in the same geometries as in Fig. 1 , but for the pure NaCl crystal measured under the same conditions as the doped crystals in Fig. 1 , are presented. These spectra are in agreement with the results of KRAUZMAN 18 . A comparison of the Raman scattering of the doped NaCl crystals ( Fig. 1) with the scattering of the pure NaCl crystal (Fig. 2) shows that a number of additional scattering peaks with very strong vibrations at 85 cm -1 (Eg) and 171 cm -1 (F2g) arises in the doped specimen. The frequencies and the types of vibrations found by us experimentally are listed in the first column of Table 1 . The experimentally determined wave numbers may be in error by about ± 2 cm -1 .
Obviously the peaks at 47, 85/87, 112, 135/137, 171 are the same as the peaks at 58, 88, 117, 140, 177 cm -1 reported by us earlier in the unpolarized Raman spectrum 3 with an equipment permitting only limited accuracy particularly at small frequency shifts.
Concentration Dependence of the Impurity Induced and Second Order Raman Spectrum
F2g Spectrum
The F2g spectrum showing the largest number of features has been measured in NaCl crystals with various silver concentrations (Fig. 3) . The following results should be noted:
With increasing Ag + content strong Raman scattering arises below ^ 200 cm -1 with peaks at 87, 135 and 171 cm -1 . At 171 cm -1 the scattering in the crystal with the highest Ag + concentration (3.5 mol-% Ag + ) according to Fig. 3 d becomes approximately four times stronger than the most prominent peak in the second order spectrum of the pure crystal (Fig. 3 a) at 236 cm -1 . The scattering of the crystal with 3.5 mol-% Ag + at 171 cm" 1 (Fig. 3 d) is more than 30 times stronger than the scattering of the pure crystal at the same frequency (Fig. 3 a) The spectra of the doped crystals below Si 100 cm -1 consist of impurity induced contributions and of second order components. This second order scattering becomes more and more negligible the higher the impurity induced spectrum grows. For comparison the second order scattering contribution is indicated (dashed line) in the Figs. 3 b -d.
In Fig. 4 the scattering intensity of the strongest F2g vibration at 171 cm -1 is plotted against the Ag + concentration of the NaCl crystals. It turns out that the impurity induced Raman scattering is proportional to the Ag + concentration.
Since the impurity induced Raman scattering extends to no more than Si 200 cm -1 the second order Raman spectrum, which is the only one present in the pure NaCl crystals, can be observed in all the Ag + doped crystals above Si 200 cm -1 . It can be seen from Fig. 3 a -d that the second order Raman scattering of the Ag + doped crystals remains of the same magnitude as the scattering of the pure crystal. Therefore, the second order Raman spectrum appears to be independent of the Ag + impurity concentration.
EG Spectrum
Similarly to the F2g spectrum the EG scattering increases with the Ag + concentration as can be seen from Fig. 5 . According to Fig. 5 , curve d, the strongest peak in the EG spectrum at 85 cm -1 in the crystal with the highest silver content (3.5 mo\-% Ag + ) is about 50 times stronger than the scattering of the pure crystal at the same frequency (Fig. 5, curve a) .
Also in the case of the strong Eg vibration at 85 cm -1 the scattering intensity plotted versus Ag + concentration shows a linear relationship (Fig. 4) .
Comparison with Theory and Conclusions
A number of papers have been published dealing with response functions and different models of imperfect crystals [19] [20] [21] . The calculations of BENEDEK and NARDELLI 19 were made on the basis of Hardy's deformation dipole model for the host lattice dynamics under the assumption that the non central interaction can be neglected. These authors give the projected density of states for the even symmetry modes (Fig. 3 a) .
in NaCl. Their density of states is calculated for various values of the fractional change in force constant by the impurity. The change of the force constant brought about by the Ag + impurity in NaCl is calculated in Ref. 19 from the IR absorption of the system NaCl-AgCl at 52.5 cm-1 (4.2 °K).
According to these calculations the density of states for the F2g vibrations of the NaCl crystal shows peaks at 117, 140, 155 and 174 cm -1 . In addition the density of states in the NaCl lattice, perturbed by the Ag + impurity, results in a strong Eg vibration peaking at 87 cm -1 and a smaller peak at 137 cm -1 . Since the Raman scattering tensor is proportional to the density of states the frequencies according to the calculations of Benedek and Nardelli are listed in the second column of Table 1 .
Comparing the calculated scattering peaks with our experimental data the following points should be noted: 1. In the spectrum our experimental peaks at 85 and 135 cm -1 agree well with theoretical predictions 19 . The Eg vibration at 85 cm -1 is also in good agreement with the frequency of this vibration suggested by thermal conductivity measurements 22 ' 23 .
2. In the F2g spectrum four experimental peaks at 112, 135, 155 and 171 are well accounted for by theory.
3. The measured Aig contribution is so small that it remains within the limits of error. Thus the predicted peak at 124 cm -1 of the Aig vibration could not be found experimentally. In this connection it should be pointed out that in KCl and KJ halides doped with Tl + 4 also no Aig vibration has been observed. Very small phonon scattering from Aig modes has also been concluded from the analysis of thermal conductivity measurements 22 ' 23 .
4. The scattering in the F2g spectrum around 87 cm -1 of medium intensity is not expected on theoretical grounds. From the calculations only a small feature shows up in the F2g spectrum 19 around 80 cm -1 . But due to the finite angle of the scattering beam in the proper geometry for the F2g vibrations a certain percentage from the very strong Eg vibration at about the same frequency (85 cm -1 , Figs. 1 and 5) will also appear in the F2g spectrum.
5. The scattering peaks at 47 cm -1 which were not explained by the theory of BENEDEK and NAR-DELLI 19 , appear only in crystals with a high silver content. We found that both the scattering intensity at 47 cm -1 and the absorption constant of the A* band in the UV which has been attributed to Ag + pairs 15 are proportional to the square of the Ag + concentration. Therefore, the peak at 47 cm -1 was assigned by us to a Ag + pair vibration 14 . This Ag + pair frequency in which the impurity is vibrating coincides aside from a small shift to lower wave numbers essentially with the odd, IR active Tiu mode at 50.5 cm -1 (290 °K) 13 . peaks at 47 cm -1 was found in the Eg and Fog vibrations. It must be mentioned that only the positions but not the intensities of the observed and calculated peaks have been compared. An additional comparison of the intensities might be particularly useful if calculations based on different theoretical models were available. Then the various models could be judged how well they fit the experimental data. However, at present only the calculations of Benedek and Nardelli are available.
In conclusion it can be stated that the experimentally determined peaks in the scattering spectrum are fully explained on theoretical grounds. 
